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Abstract
We present dark-matter minihalo models for the Ultra-Compact High Velocity HI Clouds (UCHVCs)
recently discovered in the 21 cm ALFALFA survey. We assume gravitational confinement of 104 K
HI gas by flat-cored dark-matter subhalos within the Local Group. We show that for flat cores,
typical (median) tidally-stripped cosmological subhalos at redshift z = 0 have dark-matter masses of
∼ 107 M⊙ within the central 300 pc (independent of total halo mass), consistent with the “Strigari
mass scale” observed in low-luminosity dwarf galaxies. Flat-cored subhalos also resolve the mass-
discrepancy between simulated and observed satellites around the Milky Way. For the UCHVCs we
calculate the photoionization-limited hydrostatic gas profiles for any distance-dependent total observed
HI mass and predict the associated (projected) HI half-mass radii, assuming the clouds are embedded
in distant (d & 300 kpc) and unstripped subhalos. For a typical UCHVC (0.9 Jy km s−1) we predict
physical HI half-mass radii of 0.18 to 0.35 kpc (or angular sizes of 0.6 to 2.1 arcmin) for distances
ranging from 300 kpc to 2 Mpc. As a consistency check we model the gas-rich dwarf galaxy Leo T, for
which there is a well-resolved HI column density profile and a known distance (420 kpc). For Leo T
we find that a subhalo with M300 = 8 (±0.2)× 106 M⊙ best fits the observed HI profile. We derive
an upper limit of PHIM . 150 cm
−3 K for the pressure of any enveloping hot IGM gas at the distance
of Leo T. Our analysis suggests that some of the UCHVCs may in fact constitute a population of
21-cm-selected but optically-faint dwarf galaxies in the Local Group.
Subject headings: dark matter — Galaxy: evolution — Galaxy: formation — galaxies: dwarf — radio
lines: galaxies — Local Group
1. INTRODUCTION
Recent sensitive and high-resolution 21 cm obser-
vations, carried out as part of the ALFALFA sur-
vey (Giovanelli et al. 2005, 2007; Haynes et al. 2011)
have revealed a population of isolated Ultra-Compact
High-Velocity Clouds (UCHVCs) (Giovanelli et al. 2010,
hereafter G10), and catalogued by Adams et al.
2013 (hereafter A13). The angular diameters
are . 10 arcmin, and the UCHVCs are sig-
nificantly smaller than the ∼ 1◦-sized CHVCs,
discussed and analyzed by Braun & Burton (1999)
and by Sternberg et al. (2002, hereafter SMW02).
The UCHVCs are isolated kinematically and spa-
tially from the well-studied and extended HVC
complexes (Oort 1970; Wakker & van Woerden 1997;
Blitz et al. 1999; Tripp et al. 2003; Bru¨ns & Westmeier
2004; Binney et al. 2009; Putman et al. 2012; see also
Saul et al. 2012). The A13 UCHVC catalogue contains
∼ 60 objects found in data covering around 2,800 square
degrees. The radial velocities of the clouds range from
-280 to 270 km s−1 (GSR). Around 20 of the UCHVCs
are only marginally resolved, with apparent sizes that
may be affected by the Arecibo beam, and these com-
pact sources are the focus of our study. The observed
21 cm fluxes range from 0.6 to 1.8 Jy km s−1, and the
typical central HI column densities averaged over the 4′
Arecibo beam are 5×1018 to 2×1019 cm−2. The survey
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does not provide any distance constraints, and the loca-
tions of the UCHVCs are unknown. The HI masses scale
as the square of the distance, and they the range from
1.4 × 105d2Mpc to 4.2 × 105d2Mpc M⊙, where dMpc is the
distance in Mpc. G10 and A13 have suggested that some
of the newly discovered UCHVCs might be low-mass op-
tically faint dwarf galaxies that are sufficiently gas rich to
be detectable 21 cm sources within the “Local Volume”
or Local Group.
In the Local Group, the number of known dwarf
galaxies has increased significantly in recent years
with sensitive observations carried out as part of the
Sloan Digital Sky Survey (SDSS) (Zucker et al. 2004,
2006; Willman et al. 2005; Belokurov et al. 2006, 2007;
Walsh et al. 2007; McConnachie et al. 2008; Bell et al.
2011; Slater et al. 2011; McConnachie 2012). Most of
the optically faint dwarfs are gas-poor systems with old
stellar populations, are very dark-matter dominated, and
are located within the virial radius of the Milky Way (a
few 100 kpc). Remarkably, the observed stellar velocity
dispersions imply a common DM mass scale for the dwarf
galaxies (Strigari et al 2008, hereafter S08; Walker 2012).
For V -band luminosities, LV , from 10
3 to 107 L⊙, S08
find that the DM masses within 300 pc of the galaxy cen-
ters lie within 4× 106 to 3× 107 M⊙. The characteristic
Strigari mass is thus M300 = 10
7 M⊙.
One SDSS dwarf that does contain significant amounts
of gas is Leo T, discovered by Irwin et al. (2007), and
detected in 21 cm in the HIPASS survey (Wong et al.
2006). Leo T is a dark-matter dominated and non-
rotating galaxy. The optically inferred distance to
Leo T is 420 ± 20 kpc and the radial velocity is -
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58 km s−1 (GSR). Ryan-Weber et al. (2008, hereafter
RW08) presented high-resolution GMRT and WSRT ob-
servations of the HI gas distribution. The peak HI col-
umn density is ≈ 5.5×1020 cm−2, the projected HI half-
mass radius is ≈ 0.17 kpc (1.4’), and the total HI mass
is ≈ 3.0 × 105 M⊙. (By definition and throughout this
paper, the projected HI half-mass radius equals the ob-
served 21 cm half-flux radius.) As a 21 cm source, Leo T
is similar to the UCHVCs in angular size, but it has
a somewhat higher HI column density. Within the 4’
Arecibo beam the average HI column is 1020 cm−2.
Recently, one of the UCHVCs, HI102145.0+180501,
was observed optically by Giovanelli et al. (2013, here-
after G13) and Rhode et al. (2013, hereafter R13) and
found to be an ultra-faint dwarf galaxy. G13 dubbed this
galaxy Leo P. Its radial velocity is 177 km s−1 (GSR) and
the V-band luminosity is LV = 1.47× 105d2Mpc L⊙. The
optical observations enable a distance determination and
place Leo P at ∼ 1.5−2 Mpc, outside but possibly bound
to the Local Group. The distance constraints are an im-
portant advance in estimating characteristic distances for
the UCHVCs.
For Leo P, combined Arecibo and EVLA observations
give a total HI mass of 3.1× 105d2Mpc M⊙ and the peak
HI column density is ≈ 1.4 × 1020 cm−2. The angu-
lar HI half-mass radius is θ1/2 ≈ 1′ (or 0.29dMpc kpc),
and the total dynamical mass, Mdyn, within 1
′ is ∼
8 × 106dMpc M⊙. G13 find evidence for significant ro-
tation in Leo P, with ordered motions across the source.
Leo P is thus an optical dwarf galaxy discovered as a
UCHVC via 21 cm observations. So far it is the only
UCHVC in which stars have been detected.
Except for rotation, Leo P appears to be very similar
to Leo T. Both have young stellar populations and sig-
nificant amounts of gas (with HI to stellar mass ratios of
∼ 4), and both are dark-matter dominated systems, with
DM consituting 85% of the dynamical mass in Leo T.
The similarity of Leo T to the UCHVCs, and the recent
identification of Leo P with HI102145.0+180501 suggests
that at least some and perhaps many of the unresolved
UCHVCs are gas-rich dwarf galaxies but optically very
faint. If some of the UCHVCs are Local Group galaxies,
this extra population may help to resolve the “missing
satellite problem” (Klypin et al. 1999; Moore et al. 1999;
Kravtsov et al. 2004; Strigari et al. 2007; Madau et al.
2008; Tollerud et al. 2008).
In this paper we present models for Leo T and the
UCHVCs as spherical, non-rotating, hydrostatically sup-
ported HI clouds in gravitationally dominant DM mini-
halos, or DM dominated dwarf galaxies. We model
the distribution of the warm neutral medium (WNM,
∼ 104 K), including truncation of the neutral gas clouds
by the present-day photoionizing metagalactic radiation
field. For this purpose we employ and extend the mini-
halo modeling methods presented in SMW02.
For the minihalos we assume flat-core DM density pro-
files. We show that for flat-core DM halos, the Strigari
mass, M300 ≈ 107 M⊙, is naturally expected for (tidally
stripped) subhalos at redshift zero, and only weakly de-
pendent on their total masses (or scale velocities). We
also show that adopting flat-core halos resolves the “over-
abundance problem” of massive dark satellites around
the MW found in simulations.
For Leo T we explicitly fit the observed HI column
density profile, and also show that constraints set on
the DM subhalo properties by just the HI sizes pro-
vide consistent results. Thus Leo T validates our pro-
posed method of using the half-mass HI radius as a con-
straint on the minihalo parameters for the UCHVCs,
when higher resolution observations become available.
We find that for Leo T, the best-fitting DM halos have
M300 = 8 (±0.2)× 106 M⊙.
For the UCHVCs we predict the physical and angular
HI sizes given the observed 21 cm fluxes and distance
dependent HI masses. With future high-resolution ob-
servations of the UCHVC sizes our models can be used
to constrain the distances to the sources or the proper-
ties of the confining DM halos. For example, for a typ-
ical barely resolved UCHVC with a 21 cm flux equal to
0.9 Jy km s−1 (see A13) embedded in a typical (median)
unstripped subhalo we predict physical HI projected half-
mass radii of 0.18 to 0.35 kpc (or angular sizes of 0.6 to
2.1 arcmin) for distances between 300 kpc and 2 Mpc.
In § 2 we discuss pressure versus gravitational confine-
ment of the UCHVCs, and argue that for large distances
pressure confinement is unlikely. In § 3 we describe our
minihalo potentials and cosmological scaling relations.
In § 4 we show that subhalos with cored profiles natu-
rally produce the Strigari mass scale and also resolve the
mass discrepancy between simulated and observed dwarf
satellite galaxies of the Milky Way. Then, in § 5 we write
down analytic formulae for the WNM HI cloud sizes in
terms of the halo parameters. In § 6 we present our
detailed numerical fits for Leo T and then present our
model predictions for the physical (and angular) HI half-
mass radii of the UCHVCs for a wide range of assumed
distances, for minihalos around the typical cosmological
relation. We discuss and summarize in § 7.
2. CONFINEMENT AND HOT GAS
How are the UCHVCs confined? Could they be pres-
sure confined? For distances ∼ 1 Mpc this appears un-
likely if they are compact (θ1/2 ≈ 1′), as indicated by
the high-resolution EVLA observations of Leo P. For a
pressure-confined (uniform-density) spherical cloud, the
central peak column density is NH = 3.3 r1/2 nH , where
nH is the gas volume density, and r1/2 is the (pro-
jected) HI half-mass radius. The average column den-
sity over the half-flux radius, N¯ = MHI/2pimHr
2
1/2, is
lower than the peak column density, and we can de-
rive a lower bound for the gas volume density. For
r1/2 = 0.29dMpc kpc and an HI mass of 2.1 × 105d2Mpc
M⊙ (for θ1/2 = 1
′ and a typical UCHVC 21 cm flux of
0.9 Jy km s−1), the implied thermal pressure is Pth/kB =
nHT & 200 d
−1
Mpc cm
−3 K for ∼ 104 K warm neutral
medium (WNM). This may be too large for any (hot)
confining medium for Local Group distances, since the
implied baryonic masses (and X-ray emissivities) would
be too large. For example, for a uniform-density medium,
or assuming that at a distance d the density of the hot
gas (hot ionized medium - HIM) is not larger than the
mean density within d, the total hot gas mass is
MHIM = 5.2× 1010d3MpcPth/kBT6 M⊙ , (1)
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where T6 = THIM/10
6 K. For Pth/kB &
200 d−1Mpc cm
−3 K, and hot gas at a virial-temperature
T6 ≈ 2, we have that MHIM & 5 × 1012 M⊙ for
d ≈ 1 Mpc, comparable to the total dynamical mass of
the Local Group (Li & White 2008) including the Milky
Way and Andromeda. Pressure confinement might
be viable for UCHVCs at much lower distances, or if
θ1/2 ≫ 1′. Gravitational confinement in dark-matter
minihalos is a plausible alternative for UCHVCs that are
tracing dwarf galaxies. For gravitational confinement
the pressure at the outer boundary provides a limit on
the ambient pressure outside the cloud, as we find for
Leo T (§ 6.1).
3. HALO POTENTIALS
In our study we consider gravitationally-confined mod-
els, and adopt flat-core (Burkert 1995) profiles for the
dark-matter density distributions and gravitational po-
tentials. Our choice of the Burkert profile is motivated
by observations of constant density cores in low-mass
dwarf galaxies (Gentile et al. 2004, 2007; Donato et al.
2004; Spano et al. 2008; de Blok et al. 2008; Oh et al.
2011; Gilmore et al. 2007; Walker & Pen˜arrubia 2011;
Jardel & Gebhardt 2012; Walker 2013), but see also
Jardel et al. (2013) for evidence that not all galaxies have
flat cores. Furthermore, as we show in § 4, cored profiles
naturally reproduce the Strigari mass and also resolve
the “mass discrepancy” or predicted overabundance of
massive dark subhalos around the Milky Way found in
simulations (e.g. Boylan-Kolchin et al. 2011, hereafter
BK11).
For a spherically symmetric DM density distribution,
ρd(x) = ρdsfρ(x), and for the Burkert profile (SMW02)
fBρ (x) =
1
(1 + x)(1 + x2)
, (2)
where x ≡ r/rs, r is the radial distance from the halo
center, and rs is the DM scale radius. For the Burkert
profile, the scale density ρds is equal to the central core
density at x = 0. The enclosed DM mass may be written
as
Md(x) =MdsfM (x) , (3)
where the scale mass
Mds ≡ 4pi
3
ρdsrs
3 . (4)
The enclosed mass is
fBM (x ) =
3
2
[
1
2
ln(1 + x 2) + ln(1 + x )− tan−1(x )
]
(5)
and can be calculated analytically for any radius. The
halo scale velocity vs is defined via the relation
v2s ≡
GMds
rs
=
4pi
3
Gρdsrs
2 . (6)
The maximal circular velocity vmax = 0.8vs and vmax
occurs at rmax ≃ 3.25rs.
For comparison, the density and enclosed mass for
NFW profiles (Navarro et al. 1997) are given by
fNFWρ (x) =
1
x(1 + x)2
fNFWM (x ) = 3
[
ln(1 + x) − x
1 + x
]
.
(7)
For NFW, ρds is the density at r/rs ≃ 0.47, and vmax
occurs at rmax ≃ 2.16rs (vmax = 0.8vs, as for Burkert
halos). The scale mass and velocity are again given by
Equations (4) and (6).
Given a functional form, fρ(x), for the density profile,
an arbitrary spherical halo may be selected by specify-
ing any two independent parameters, such as rs and ρds.
However, in general, the halo parameters are correlated
in a manner that depends on redshift, environment and
cosmological model. We adopt the LCDM correlation
at redshift z = 0, as found in the Aquarius simulation
(Springel et al. 2008) for (a) subhalos in which some of
the dark-matter has been tidally stripped by encounters
with the MW, and (b) for more distant unstripped sub-
halos (not yet interacting). The Aquarius simulations as-
sume collisionless dark-matter, and these naturally give
rise to NFW profiles. However, as recently shown by
Rocha et al. (2013) in their study of the flat-cored halos
that appear for self-interacting dark-matter, the cosmo-
logical Springel correlations remain unaltered, and we
adopt those here for the Burkert profiles.
For tidally stripped subhalos the Aquarius correlation
may be expressed as
rmax = 0.026× vmax1.3910−0.18σ kpc , (8)
where σ is the number of standard deviations from the
median correlation and vmax is in km s
−1. Unstripped
subhalos are less concentrated, and
rmax = 0.037× vmax1.3910−0.18σ kpc . (9)
In our discussion of the MW satellites (§ 4) and our
derivation of the Strigari mass we assume stripped sub-
halos with the view that the gas-poor Sloan dwarfs are
all nearby (25 to 250 kpc, S08) inside the virial radius of
the MW (250+60
−30 kpc, Busha et al. 2011), and have plau-
sibly interacted with the Galaxy. We consider Leo T and
the UCHVCs as more distant objects, and for them we
assume the cosmological correlation for unstripped sub-
halos.
For stripped Burkert halos, Equation (8) can be reex-
pressed as
rs = 0.14× v1.39s,6 10−0.18σ kpc , (10)
where vs,6 ≡ vs/10 km s−1, which implies that
nds = 11.2× v−0.78s,6 100.36σ amu cm−3 , (11)
or
nds = 13.6×
(
rs
0.1 kpc
)−0.56
100.26σ amu cm−3 ,
(12)
where nds ≡ ρds/(1 amu) and amu is the atomic mass
unit 3.
3 1 amu cm−3 = 1.66×10−24 g cm−3 = 2.54×10−2 M⊙ pc−3
= 0.93 GeV/c2 cm−3.
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For unstripped subhalos
rs = 0.21× v1.39s,6 10−0.18σ kpc
nds = 5.4× v−0.78s,6 100.36σ amu cm−3
nds = 8.1×
(
rs
0.1 kpc
)−0.56
100.26σ amu cm−3 ,
(13)
only slightly offset compared to stripped subhalos. Sim-
ilar expressions may be developed for NFW profiles, but
we do not write them down here.
4. COMMON MASS SCALE
We now show that the Strigari DM mass scale of
107 M⊙ within 300 pc arises naturally if stripped flat-core
Burkert halos are assumed. We also show that the pre-
dicted overabundance of dark massive subhalos around
the MW is moderated with this assumption.
The total dark matter mass enclosed within a radius
r can be written as Md(r) = (rsvs
2/G)fM (r/rs), with
fM (x) as given by Equations (5) or (7). Given a cosmo-
logical relation between rs and vs, and for a given value
of σ,Mr is a function of one halo parameter, for any fixed
radius r. For Burkert halos this function has a maximum
mass, occurring at x300 ≡ 300 pc/rs= 0.55. In contrast,
for NFW profiles, the mass within any r varies mono-
tonically. In Figure 1 we plot M300, the mass within
r = 300 pc, as a function of the scale velocity, vs for
Burkert (left panels) and NFW halos (right), and for
stripped (top panels) and unstripped (bottom) subhalos.
For stripped subhalos, we find that the maximal
M300 for a given σ is
M˜ st300 ≃ 8.9× 106 × 100.26σ M⊙ , (14)
(occurring at x300 = 0.55). For unstripped subhalos, the
maximal M300 is lower, and
M˜un300 ≃ 5.3× 106 × 100.26σ M⊙ . (15)
(The superscripts “st” and “un” refer to stripped and un-
stripped subhalos, respectively.) The maximum is broad
and Equations (14) and (15) give the “characteristic”
M300 for any value of σ. It is thus evident that for
tidally stripped subhalos (Equation [14]), typical (me-
dian) Burkert halos are consistent with the observed Stri-
gari M300 range for MW dwarfs with the characteristic
mass, M˜ st300, ranging from ∼ 3× 106 to ∼ 3× 107 M⊙ for
σ between -2 and 2. For σ=0, M˜ st300 = 8.9×106 M⊙, and
this is essentially the Strigari mass, of 107 M⊙. We refer
to these σ = 0 halos as “Strigari halos”. For unstripped
subhalos, the characteristic mass is lower by a factor of
0.6. We predict that more distant low-mass dwarfs will
have on-average lower characteristic masses within their
central 300 pc, with M300 ≈ 5× 106 M⊙.
As shown in Figure 1 (see also Maccio` et al. 2009),
NFW subhalos are more massive than Burkert sub-
halos for any σ. For stripped NFW subhalos (top
panel) and for σ = 0, M300 increases by a factor of
7, from 4.4 × 106 to 3.2 × 107 M⊙, for vs from 10
to 50 km s−1. However, for stripped Burkert pro-
files M300 varies by less than a factor of 2 across this
range relative to the characteristic (maximal) mass of
8.9 × 106 M⊙. From 15 to 50 km s−1 the variation is
less than a factor of 1.3. For median (stripped) NFW
halos the Strigari mass of 107 M⊙ occurs for a narrow
range of vs near 20 km s
−1 (or vmax ∼ 16 km s−1).
For NFW, this has motivated the idea that the com-
mon mass scale observed by S08 represents a “threshold”
with star-formation being significantly inhibited in sub-
halos with vs . 20 km s
−1 and all of the low-luminosity
dwarfs having been formed in subhalos near this thresh-
old (Maccio` et al. 2009; Li et al. 2009; Okamoto & Frenk
2009; Stringer et al. 2010; Rashkov et al. 2012). Alterna-
tively, if subhalo cores are flat the observed common mass
scale does not necessarily reflect a threshold, but could
simply be due to the very weak dependence of M300 on
vs (or subhalo mass), as shown in Figure 1 (left pan-
els). For flat-cored DM profiles the scale velocities of the
low-luminosity dwarfs could span a wide range of vs (for
vs & 15 km s
−1), all giving the same M300. We would
then predict that as more faint galaxies are discovered
(within the MW virial radius) M300 will remain invari-
ant.
As a further illustration for the difference between
Burkert and NFW profiles, in Figure 2 we plot con-
tours for M300 (in units of 10
7 M⊙) in the rmax ver-
sus vmax parameter plane for Burkert and NFW profiles
(left- and right-hand panels respectively). For a given
rmax and vmax it is again apparent that NFW halos are
significantly more massive than Burkert halos. The solid
dashed line is the median Aquarius correlation between
rmax and vmax for stripped subhalos as given by Equa-
tion (8). For Burkert halos this line is very close to the
M300 = 10
7 M⊙ contour. However, median NFW halos
are much more massive.
The points shown in Figure 2 are the rmax and vmax val-
ues for the accreted subhalos in the Aquarius (blue) and
Via Lactea II (red) simulations. BK11 plotted these
data for NFW halos (their Fig. 2) as we reproduce in
the right-hand panel of our Figure 2. For NFW profiles
many of the simulated subhalos are significantly more
massive than the observed dwarf galaxies as specified
by the Strigari mass range. BK11 then postulated that
the Local Group may contain an additional population
of starless (and gasless) subhalos that are more massive
than the observed low-mass dwarf galaxies. For simple
“abundance-matching” such massive subhalos are unex-
pected. However, they also noted that alternate dark-
matter profiles would mitigate this conjecture. Our Fig-
ure 2 (left panel) shows that for flat-core Burkert profiles
the mass discrepancy disappears. For flat-core profiles all
of the simulated halos are within the observed Strigari
mass range, and an extra population of dark massive
subhalos is not necessary. Flat cores could be produced
by self-interacting dark-matter (Vogelsberger et al. 2012;
Rocha et al. 2013) and as noted by these authors, the
resulting lowered densities in the cores reduce the mass-
discrepancy. We have shown that the characteristic mass
is obtained naturally and the mass discrepancy is re-
solved if a flat-core profile is adopted independent of
its origin, so long as the cosmological relation between
rmax and vmax is retained. However, the number of pre-
dicted subhalos at any given vs is still larger than ob-
served. We argue that some of these missing galaxies
may be observable as the UCHVCs, as suggested by G10
and A13.
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Fig. 1.— M300 versus vs for stripped (top) and unstripped (bot-
tom) subhalos, with flat-core Burkert (left) and NFW (right) pro-
files and for σ=-2, 0, and +2, where σ is the number of standard
deviations from the median cosmological correlations (Equations
[8] and [9]). The dashed curves in the right panels show the ana-
lytic approximations forM300 for Burkert halos, as given by Equa-
tions (18) and (19). The dashed horizontal lines in the top panels
show the observed Strigari range for dwarf satellites of the Milky
Way.
Our use of the Burkert profile is thus motivated by (a)
observational evidence for flat DM cores in dwarf galax-
ies, (b) the fact that such profiles naturally provide the
Strigari mass (Equation [14]) for close to median halos,
and (c) resolution of the mass discrepancy between sim-
ulated subhalos and observed dwarf galaxy masses. We
adopt the flat-cored profiles in our modeling of the gas
distributions in Leo T and the UCHVCs, as described in
§ 5 and § 6.
To conclude this section, it is useful to develop some
simple expressions for M300, for Burkert profiles. For
unstripped subhalos, Equation (10) shows that for σ . 3
and vs & 20 km s
−1, the scale radius is rs & 0.1 kpc,
so that for realistic halos x300 . 3. For x . 3, the
enclosed mass function as given by Equation (5) is well
approximated by the expression
fM ≈ x
3
1 + 1.87x1.60
, (16)
Fig. 2.— Contours of Mst300 (in units of 10
7 M⊙) for flat-core
Burkert halos (left) and NFW halos (right), for rmax versus vmax.
The dashed line is the cosmological halo-parameter-correlation for
median stripped subhalos as given by Equation (8). Blue circles
are the rmax, vmax values for subhalos as extracted by BK11 from
the Aquarius (Springel et al. 2008) simulation. The red squares
are halos from Via Lactea II (Diemand et al. 2007). The shaded
regions show the observed range of M300 for the MW dwarfs, 0.4−
3× 107 M⊙, as found by S08.
which is accurate to within 15% up to x = 3. For median
(σ= 0) subhalos it follows from Equations (3) and (10)
that
M st300 ≃ 2.77× 107
nds/10 amu
1 + 4.50(nds/10 amu)2.85
M⊙ ,
(17)
or in terms of vs
M st300 ≃ 1.80× 107
(vs/20 km s
−1)−0.78
1 + 1.32(vs/20 km s−1)−2.22
M⊙ .
(18)
For unstripped subhalos, the approximations are
Mun300 ≃ 2.77× 107
nds/10 amu
1 + 20.1(nds/10 amu)2.85
M⊙
Mun300 ≃ 0.87× 107
(vs/20 km s
−1)−0.78
1 + 0.74(vs/20 km s−1)−2.22
M⊙ .
(19)
In Figure 1 we plot these expressions forM300(vs) as the
dashed curves in the left-hand panels.
5. HI GAS
We model the HI gas distributions in Leo T and the
UCHVCs as thermally supported, non-rotating, hydro-
static gas spheres that are gravitationally confined by
DM minihalos. Table 1 summarizes some of the basic
observational properties for Leo T (RW08) and a rep-
resentative compact object from the UCHVC catalog
(see A13), including the (distance-dependent) total HI
masses, the half-mass radii, the peak HI column densi-
ties and the 21 cm line widths. In § 5.1 we write down
analytic formulae that can be used to constrain the halo
parameters, including nds and M300, given the observed
HI properties. In § 6 we present detailed numerical fits
for the full HI column density profile and half-mass HI
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TABLE 1
Observed parameters for Leo T and UCHVCs
Leo T a b UCHVCs
d [kpc] 420 ± 20 —
MHI [M⊙] 3.0(1.8) × 105 2.1× 105d2Mpc
θ1/2 [arcmin] 1.4 < 2
r1/2[kpc] 0.17 < 0.58dMpc
Npeak[cm
−2] 5.5 (2.1) × 1020 N¯ = 1019
σv [km s−1] 6.9 9.8± 1.3
W50 or FWHM [km s−1] 16.6 23± 3
LV [L⊙] 6× 104 —
vGSR [km s
−1] -58 -230 to +230
aObservations of Leo T are reported in RW08.
bFor Leo T we seperated the WNM component from the total
profile, so we state: total value (WNM value).
radius in Leo T, followed by predicted distance-versus-
size computations for the UCHVCs.
For these purposes we employ and extend the model-
ing methods described in SMW02. The HI gas spheres
are assumed to be WNM with temperatures T ∼ 104 K,
and surrounded by photoionized warm ionized medium
(WIM) shielding envelopes with comparable tempera-
ture. The assumed temperature accounts for any tur-
bulent motions if present. The gas sound speed, cg, is
an important parameter as it is directly related to the
observed 21 cm line width. For isothermal gas, cg=
FWHM/2
√
2 ln 2. For T = 104 K, cg equals 8.19 and
11.6 km s−1 for the WNM and WIM. We assume rota-
tional support is negligible.
Photoionization and radiative heating are by the ex-
ternally incident present-day (z = 0) UV/X-ray meta-
galactic field. We use the SMW02 representation (their
Appendix B) for the metagalactic radiation, which is very
similar to the updated Haardt & Madau (2012) spec-
trum for z=0. Internal stellar radiation is not included.
The radiative transfer and the coupled hydrostatic and
ionization structures are computed self consistently, and
conditions are determined for the possible existence of
multiphased warm/cold (WNM/CNM) cores, and for
complete conversion to a cold neutral medium (CNM,
T . 200 K) at the cloud centers. For a given halo
potential, the total mass, MWM, of warm gas (WNM
plus WIM) is the primary free parameter, and deter-
mines the gas fractions in the concentric WIM, WNM
and WNM/CNM zones. For sufficiently small MWM the
cloud is fully ionized. As MWM is increased, an inner
HI WNM sphere appears, followed by the formation of a
multiphased WNM/CNM core.
An additional model parameter is the external pres-
sure, possibly provided by an unbound (hot) medium
(HIM). However, as discussed in § 2 it is unlikely that
the HI gas in the UCHVCs is pressure confined if they
are at large distances. In our study we assume that any
external bounding pressure is negligible, and that grav-
itational confinement dominates. As we discuss in § 6,
this requires that the pressure PHIM/kB . 150 cm
−3 K.
5.1. Analytic Results for HI in the Small-x Limit
(Unstripped Subhalos)
For sufficiently deep gravitational potential-wells the
gas is confined to the inner parts of the halos, where
x ≡ r/rs is small. In the “small-x limit”, convenient
analytic expressions are available (SMW02) for the radial
gas density distributions, and for the associated gas scale
heights.
For Burkert potentials, and for fixed gas velocity dis-
persion, the gas density profile in the small-x limit is a
Gaussian
ρgas(r) = ρgas(0) exp
[
−
(
r
rgas
)2]
(20)
where the gas scale height is rgas ≡
√
2cgrs/vs. For a
Gaussian gas distribution the projected half-mass radius
r1/2 =
√
ln(2) × rgas so that using Equation (6) and
with Equation (13) relating rs and vs it follows that for
unstripped Burkert subhalos
r1/2 = 0.186¸
( nds
10 amu
)−1/2
kpc ,
= 0.326¸
( vs
20 km s−1
)0.39
10−0.18σ kpc ,
(21)
where 6¸ = cg/10 km s
−1. In Figure 3 (left) we plot
r1/2 versus vs as given by Equation (21) for underconcen-
trated, median, and overconcentrated halos, from σ=-2
to +2, for a sound speed of 8.19 km s−1 (Tgas=10
4 K).
For a fully neutral gas cloud with fixed velocity dis-
persion, and not limited by photoionization of the outer
envelope, the half-mass radius diverges beyond the small-
x limit as vs/cg becomes small. The small-x expression
for the gas scale height rgas =
√
2rs/vs is accurate to
within 35% for vs/cg > 2, and 10% for vs/cg > 3. In
§ 6.2 we present computations of the projected half-mass
radii including external photoionization that truncates
the neutral cores depending on the total gas mass. (In
the absence of photoionization r1/2 diverges more rapidly
than rgas with decreasing vs/cg.) For the full range of
vs/cg (from 2.4 to 4.8) and HI masses that we consider
in § 6.2 we find that Equation (21) is accurate to better
than a factor-two.
In Figure 3 (right) we plot M300 versus r1/2, for
r1/2 as given by Equation (21) for cg=8.19 km s
−1. The
solid portions of the curves correspond to vs from 15
to 40 km s−1. For median (σ=0) halos it follows from
Equation (17) that
Mun300 ≃ 2.18× 107
[6¸/(r1/2/0.2 kpc)]
2
1 + 10.0[6¸/(r1/2/0.2 kpc)]5.70
(22)
The maximum, M˜300 = 5.3×106 M⊙, occurs when r1/2 ≃
0.27 kpc. For r1/2 > 0.27 kpc, a radius of 300 pc is
within the constant density core (x300 < 1), so M300 ∝
r−21/2 (Equation [21]). For r1/2 < 0.27 kpc, x300 > 1 and
although nds increases with decreasing vs, the mean DM
density within 300 pc decreases and therefore so does
M300.
Writing r1/2 = d× θ1/2, where θ1/2 is the angular pro-
jected HI half-mass radius, we can express the distance
as a function of the angular radius, the sound speed, and
halo parameters
dMpc = 0.616¸
(
θ1/2
1′
)−1 ( nds
10 amu cm−3
)−1/2
= 1.16¸
(
θ1/2
1′
)−1 ( vs
20 km s−1
)0.39
10−0.18σ
(23)
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Fig. 3.— Left: The projected half-mass radius, r1/2, versus
halo scale velocity, vs, as given by the small-x expression in Equa-
tion (21), for unstripped subhalos with σ between -2 and +2, and
sound speed cg=8.2 km s−1. Right: Mun300 versus r1/2, for σ be-
tween -2 and +2 and cg=8.2 km s−1. The solid portions of the
curves are for vs from 15 to 40 km s−1.
where dMpc is the distance in Mpc.
As we show in §6.2, the dependence of the distance
on vs is actually reduced by departures from the small-
x limit. A dependence on the HI gas mass also enters
because the gas mass affects the positions of the pho-
toionization cut-offs, not included in our small-x formu-
lae above. As we will show, for a given 21 cm flux and
angular size the implied distance depends almost entirely
on the halo σ. However, Equation (23) may be used for
some simple analytical estimates, as follows.
We expect that for thermally stable WNM, the sound-
speed is restricted to a narrow range (8.2 km s−1 for
104 K). For the UCHVCs, our Equation (23) provides
distance estimates to the source given an observed an-
gular size, θ1/2, for an assumed σ and vs. For example,
for a median (unstripped) subhalo and assuming θ1/2=
1’ (and cg=8.2 km s
−1), the distance is 0.9 to 1.2 Mpc,
for vs between 20 and 40 km s
−1. Turning this around,
for a known distance, we can constrain the halo prop-
erties. For example, for Leo T, with θ1/2 = 1.4
′ and
cg=7 km s
−1 (see Table 1), the observed distance of
420 kpc implies that σ ≈ +1 for which M˜un300 ∼ 107 M⊙.
This analytic result is in harmony with our more detailed
numerical fitting for the HI profile in Leo T (§ 6.1).
What about the larger-sized CHVCs originally con-
sidered by SMW02 ? The CHVC diameters are & 24′
(Burton et al. 2001; Putman et al. 2002, A13), and for
these we estimate HI half mass radii of 6′ to 8′. In the
minihalo interpretation, Equation (23) implies distances
of ≤ 200 kpc (for median halos) for the CHVCs, as con-
cluded by SMW02. However, the recently observed gas-
poor Sloan dwarfs suggest that within the MW virial
radius minihalos would be less likely to retain their gas.
Some CHVCs could be embedded in very underconcen-
trated halos, with σ < −2 (leading to a larger physical
size and thus larger distance), but more likely they are
nearby pressure-confined clouds. This is supported by
the large Hα surface brightnesses found by Tufte et al.
(2002) and Putman et al. (2003) for some of the CHVCs,
indicating distances < 40 kpc for this population. How-
ever, the smaller UCHVCs, especially the most compact
ones could be much more distant objects.
6. NUMERICAL MODELS
We now present numerical model computations for the
HI gas distributions, gas masses, and half-mass radii for
Leo T and for the UCHVCs. In these calculations we
do not necessarily restrict ourselves to the small-x limit.
We also include the effects of external photoionization
in limiting the cloud sizes and masses of the neutral HI
cores. This introduces a dependence of the cloud size
on the gas mass that does not appear in our small-x
formulae. For Leo T and the UCHVCs we use the cos-
mological relation for unstripped DM subhalos, as given
by Equation (9), since gas-rich systems are expected to
reside outside the virial radius of the Milky Way. We
assume isothermal conditions for the WNM and WIM.
For Leo T we assume 6000 K, as observed, and for the
UCHVCs we assume T = 104 K gas. We assume that
any external bounding pressure, PHIM, is very low com-
pared to the resulting central pressures. To ensure this
we set PHIM/kB = 10 cm
−3 K. With this assumption
the external pressure is always negligible for the range
of halo parameters that we consider, and the clouds are
gravitationally confined.
In § 6.1.1 we construct detailed fits for the observed
HI profile in Leo T. We find that theM300 that produces
the best fit is 8 × 106 M⊙, slightly larger than the typ-
ical median characteristic mass expected for unstripped
subhalos (Equation [15]). Then, in § 6.1.2 we verify that
the projected HI half-mass radii may be used to set con-
straints on the halo parameters, especially M300. We
constrain the halo scale velocity in § 6.1.3.
In § 6.2 we model the UCHVCs as minihalo clouds
within σ = ±1 of typical median halos. We extract the
calculated half-mass radii and plot r1/2 and θ1/2 as func-
tions of the assumed distance d to the source. These
predictions can be used for interpreting future high-
resolution observations of the UCHVCs as minihalos.
An assumed σ for the DM halo sets the physical scale
size of the HI gas distribution, enabling a distance es-
timate given an observed angular size. Alternatively, if
the distances to these objects are measured by some other
method, the gas distributions can be used to constrain
the DM halo parameters, as we do for Leo T.
6.1. Leo T
RW08 presented GMRT and WSRT mapping observa-
tions of the HI in Leo T. They detected cold (∼ 500 K
CNM) and warm (∼ 6000 K WNM) components. The
CNM is concentrated in the inner regions within the cen-
tral r ∼ 1 arcmin (0.12 kpc). The WNM extends out to
r ∼ 3 arcmin (∼ 0.35 kpc), to the WSRT sensitivity limit
of 2× 1019 cm−2.
We are interested in modeling the distribution of the
WNM in Leo T. For this purpose we constructed a ra-
dially averaged CNM density profile using the GMRT
CNM map presented by RW08 (their Fig. 1). We fit
the CNM profile with a second-degree polynomial, and
subtracted it from the radially averaged total HI column
density profile (Ryan-Weber, priv. comm.). The result-
ing WNM profile for Leo T is displayed in Figure 4 as the
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(red) solid curve, including error bars (see below). The
total WNM gas mass is 2.8× 105 M⊙ (±10%).
6.1.1. Fitting the Full HI Profile
We fit the observed HI profile in Leo T as follows. First,
we can define a DM halo potential by specifying the scale
velocity, vs, and the deviation from the median halo, σ.
Equivalently, sinceM300 is a known function of vs and σ,
we can specify the halo potential in terms of vs andM300.
We then add gas until the total WNM mass is equal to
the observed value of 2.8×105 M⊙. We set the WNM gas
temperature equal to 6000 K (or cg=7 km s
−1), as found
by RW08. The resulting hydrostatic cloud structure then
yields the projected HI column density profile, NHI(r),
where r is the offset radius from the cloud center.
To compare to the observed profile we define the good-
ness of fit measure,
χ2 =
∑
i
[
log(NHI,mod(ri))− log(NHI,obs(ri))
σi
]2
σi =
1
ln 10
∆NHI,obs(ri)
NHI,obs(ri)
(24)
where NHI,mod(ri), NHI,obs(ri) are the modeled and
observed column densities at ri, respectively, and
∆NHI,obs(ri) is the error in the observed column den-
sity. We fit the observed profile, down to the sensitivity
level of NHI = 2 × 1019 cm−2. In the outer part of
the profile we adopt the errors reported in RW08, with
3σ = 2 × 1019 cm−2. In the inner part (r < 0.12 kpc)
we estimate errors larger by 50%, due to uncertainties
in CNM subtraction. We vary the minihalo parameters,
and the best fitting models are those for which the value
of χ2 is minimized.
We considered vs from 15 to 40 km s
−1, and M300
from 2 × 106 to 3 × 107 M⊙ (or σ from ∼ −2 to 3 for
unstripped subhalos). As expected, the resulting HI pro-
file is not very sensitive to vs, but does set strong con-
straints on M300 and σ. The best fits are for M300 =
8.0 (±0.2)× 106 M⊙ and vs = 30 (±5) km s−1. Adopt-
ing the cosmological correlation for unstripped subha-
los (see Equations [9] and [15]), this results in a slightly
overconcentrated halo, with σ ≈ 0.75. The 3σ errors on
the fitted parameters are ∆M300 ≈ 0.5 × 106 M⊙, and
∆vs ≈ 12 km s−1. Small variations on the NHI error
estimates do not change the results significantly. The re-
sults of our profile fitting are shown in Figure 4. We dis-
play the model profiles including the predicted ionization
fronts (IF) at r ≈ 0.42 kpc. Again, the observed WNM
profile is the (red) solid curve, with the above mentioned
errors. The dashed curves indicate the range of resulting
profiles within ±∆vs from the best fit. Remarkably, our
best fits match the entire observed profile down to the de-
tection sensitivity limit of 2× 1019 cm−2. For these fits,
the central column density of 2.4 × 1020 cm−2 is repro-
duced, and the computed half-mass radius is 0.17 kpc, as
extracted from the observed profile. For higher (lower)
values of M300, the central columns are increased (de-
creased), and the half-mass radii are smaller (larger). For
our best fitting models the core densities, nds, range from
5 to 12 amu cm−3 (or 0.12 to 0.30 M⊙ pc
−3). Our best
fit models predict the formation of CNM in the centers
of the minihalos, consistent with the CNM observed by
0 0.1 0.2 0.3 0.4 0.5
1018
1019
1020
sensitivity limit
IF
r (kpc)
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Fig. 4.— The Leo T HI column density profile. Solid (red) curve
is the observed WNM profile as extracted from the RW08 21 cm
maps (see text), including the observational error bars. The dashed
curves show the best-fitting profiles for M300 ∼ 8 × 106 M⊙ and
vs of 18 and 40 km s−1, as determined by our χ2-fitting procedure.
The dotted horizontal line shows the 3σ detection sensitivity limit.
The ionization fronts, which we define as the radii where the HI
(to total H) fraction decreases to 0.5, are at r ∼ 0.42 kpc.
RW08.
Leo T can also be modeled using NFW halos, although
the best fits are not as good. For the best fit NFW halo
M300 ∼ 6.5 × 106 M⊙ and vs ∼ 30 km s−1. However,
and more importantly, the best fitting NFW halos are
∼ −2.5σ, and as such are less likely.
Our result, M300 = 0.8 × 107 M⊙, is consistent with
the measurement by RW08, who estimate the total mass
within 300 pc to be > 3.3× 106 M⊙ using the 21 cm line
width. For Leo T, S08 found 1.30+0.88
−0.42 × 107 M⊙ within
300 pc, close to our computed M300. For our best fits,
M150 = 0.12 × 107 M⊙, a factor of 8 smaller than
M300, as expected for constant DM densities within the
scale radius, whereas Wolf et al. (2010) report M150 =
0.74+0.48
−0.29 × 107M⊙ for Leo T. However, the mass ratio
M300/M150 ∼ 1.75, as implied by the Wolf et al. (2010)
and S08 observations, is difficult to reconcile with either
Burkert or NFW halos, and may be affected by measure-
ment uncertainties.
In our fits we have set the external bounding pressure
to a low value of PHIM/kB=10 cm
−3 K. At the 0.35 kpc
offset corresponding to the detection limit, the computed
thermal pressure is ∼ 150 cm−3 K, and this is then the
maximal allowed bounding pressure consistent with our
models. For higher bounding pressures the HI gas distri-
bution in Leo T would be compressed below the observed
size. Thus, PHIM/kB=150 cm
−3 K is an upper limit for
the coronal or IGM pressure at a distance of 420 kpc. It
follows from Equation (1) that the hot gas mass within
r = 420 kpc does not exceed ∼ 3 × 1011 M⊙, for a gas
temperature & 2× 106 K, comparable to the virial tem-
perature of the Milky Way.
6.1.2. Fitting the Half-Flux Radius
High resolution HI profiles for other systems, such as
Leo P or the UCHVCs, are not available. For the near fu-
ture, a more realistic goal is measurement of the half-flux
21 cm radii, as has been done for Leo P. For optically thin
(WNM) emission the half-flux radius is the projected HI
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half-mass radius, which can be either measured directly,
or, for Leo T, extracted from the full column density pro-
file data. For given vs andM300 we again set the total HI
mass equal to the observed value (as determined by the
total 21 cm line flux) and then calculate the projected
HI half-mass radius, again assuming a gas temperature
consistent with the line width (i.e., 6000 K for Leo T).
We define the t-test parameter,
η =
|r1/2,model − r1/2,obs|
∆r1/2,obs
(25)
where r1/2,obs and r1/2,model are the observed and the
calculated half-mass radii, and ∆r1/2,obs is the observa-
tional error. For Leo T we find r1/2,obs = 0.17 kpc and
estimate the error to be 20%, typical for similar obser-
vations (Giovanelli, priv. comm.). We then minimize η
over the minihalo parameter space to find the best fit-
ting models. Our fitting results for Leo T are shown
in Figure 5, for M300 versus vs (top panel), and also
for nds versus vs (bottom). The solid curves show the
run of the best fitting models. The error bars show the
range in M300 for which r1/2 = r1/2,obs ±∆r1/2,obs, and
hence η = 1. We find that the best fitting models are
for M300 = 0.6 − 1.5 × 107 M⊙, and that vs is not con-
strained. The best fitting DM core densities are again 5
to 12 amu cm−3. The consistency of these results with
our fits for the full Leo T profile supports our use of the
total 21 cm flux and half-mass HI radius as probes of the
halo potentials, as we do below for the UCHVCs.
We caution that the 21 cm observational sensitivity
limit may affect the accuracy of the half-flux radius mea-
surement. Examining our models, we find that detec-
tion of 90% of the total 21 cm flux is enough to deter-
mine the half-flux radius with an error smaller than 10%
of the true value, calculated using the total flux. For
our best models of Leo T, the column density at the
projected radius enclosing 90% of the total HI mass is
≈ 3 × 1019 cm−2. The radius at which the HI column
density decreases to the detection limit of 2 × 1019 en-
closes ≈ 95% of the total HI mass. Thus, for Leo T, the
21 cm sensitivity limit does not affect the r1/2 estimate
significantly.
6.1.3. Limits on the Scale Velocity
Although the halo scale velocity is not well constrained
by the HI half-mass radius, a lower limit can be set by
the requirement that the WNM plus WIM gas mass be
bound to the halo. We apply two criteria for this. First,
we require that the ratio of the potential to thermal
energies per particle (SMW02 eq. [34]), be larger than
unity everywhere in the cloud, including in the outer
WIM layers. Second, we require that the mean den-
sity, n¯, (including electrons and He) must be larger than
the critical density, ncrit ≡ 2PHIM/kBT where PHIM is
the external bounding pressure. This follows from the
virial theorem for the gas, which may be written as
2(Eth − Esurf) +W = 0, where Eth is the thermal en-
ergy, Esurf is the surface pressure energy and W is the
gravitational energy. For a bound system, the total en-
ergy is negative, and Etot = Eth + W < 0. Inserting
Eth =
3
2kBTN and Esurf =
3
2PHIMV , we obtain our con-
dition for a bound cloud
n¯ ≡ N/V > 2PHIM/kBT ≡ ncrit . (26)
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Fig. 5.— Minihalo parameter combinations best reproducing the
observed HI half-mass (projected) radius (r1/2 = 0.17 kpc) of
Leo T, for M300 versus vs (top) and nds versus vs (bottom) (for a
distance of 420 kpc). The error bars show the range of models con-
sistent with the observational ∆r1/2 (taken here to be 20%). The
dashed curves show nds and M300 versus vs relations for σ=-1, 0
and +1 halos.
Both of our criteria that the WNM+WIM gas be bound
require vs & 13 km s
−1.
Alternatively, the scale velocity for Leo T may be esti-
mated by a luminosity-to-mass abundance matching ar-
gument. For example, Kravtsov (2010) finds that for
dwarf galaxies
LV = 5× 103L⊙
(
Mvir
109 M⊙
)2.5
, (27)
where Mvir is the virial mass prior to accretion. For
Leo T, LV = 6 × 104 L⊙, giving Mvir = 2.7 ×
109 M⊙. Given the Springel et al. (2008) relation be-
tween rmax and vmax for unstripped subhalos (see Equa-
tion [9]), and assuming that vs is not altered significantly
during the accretion process, this virial mass corresponds
to a median halo with vs=33 km s
−1.
6.2. UCHVCs
We now turn to the UCHVCs, which we wish to model
as possible low-mass, gas-rich dwarf galaxies similar to
Leo T, at Local Group distances. As we have just shown
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for Leo T, the projected HI half-mass (i.e. half-flux) ra-
dius may then be used to constrain the dark-matter halo
parameters. However, the UCHVC galaxy candidates
are only barely (or not at all) resolved by the Arecibo
beam. We are thus motivated to construct models for the
UCHVCs based on their total 21 cm fluxes as reported in
the A13 UCHVC catalog, to predict the projected half-
mass radii and angular sizes for a range of assumed dis-
tances, as a guide to interpreting future high-resolution
observations.
6.2.1. Size-Distance Relations
In calculating the HI half-mass radii for the UCHVCs
we proceed as follows. For any observed total 21 cm
flux, we convert to HI mass given an assumed distance
d 4. We consider unstripped Burkert subhalo potentials
with σ between -1 and 1, and vs from 20 to 40 km s
−1.
For each potential we find the total gas mass (including
the outer ionized component) that reproduces the given
HI mass, and we compute the hydrostatic gas density
profile. Given the profile we extract the HI (projected)
half-mass physical and angular radii as functions of the
assumed distance.
We focus on the typical 21 cm fluxes for the
20 marginally-resolved and unresolved sources in the
UCHVC catalog, for which the median flux is 0.9
Jy km s−1, corresponding to an HI mass of 2.1×105d2Mpc
M⊙. We also compute models for 0.6 and 1.8 Jy km s
−1,
a range that covers 80% of the ∼ 20 most compact ob-
jects in the A13 catalog.
For the UCHVCs, with a typical 21 cm flux lower than
in Leo T, a higher sensitivity is needed to reliably mea-
sure the half-flux radii. For our models we estimate
that a column density detection limit of ∼ 1018 cm−2 is
enough to enable recovery of > 90% of the total HI mass
for the range of distances we consider, thus reducing the
systematic error in r1/2 to < 10%. For underconcen-
trated halos at distances smaller than 500 kpc, a higher
sensitivity will be needed, of a few times 1017 cm−2.
Our results for r1/2(d), and θ1/2(d) are displayed in
Figure 6. We consider distances from 300 kpc to 2 Mpc.
The resulting half-mass radii range from 0.15 to 0.45 kpc,
corresponding to angular half-mass sizes from 0.4 to 3
arcminutes. The upper two panels are results for the
median UCHVC flux of 0.9 Jy km s−1, for σ= -1, 0 and
+1 halos. For 0.9 Jy km s−1, the corresponding total HI
gas mass ranges from 1.9 × 104 to 8.4 × 105 M⊙ for 0.3
to 2 Mpc. The lower two panels are for the three fluxes,
0.6, 0.9 and 1.8 Jy km s−1, for σ=0 (median) halos. For
σ=-1, 0 and +1, the characteristic dark-matter masses
M˜un300 = 2.9× 106, 5.3× 106, and 9.6× 106 M⊙.
In these computations departures from the small-x
limit and the photoionization cutoff play important roles
in determining the cloud sizes.
In Figure 6 (left panels), the dashed lines show the
range of physical cloud sizes as given by our small-x
analytic expression for r1/2 (Equation [21]), for vs be-
tween 20 and 40 km s−1 for each σ, and the (colored)
strips show our numerically computed cloud sizes for this
vs range. At large d the HI gas masses and volumes are
4 MHI= 2.36× 105 × S21d2Mpc M⊙, where S21 is the integrated
21 cm flux (Jy km s−1)
large and the half-mass radii extend beyond the small-x
limits, especially for overconcentrated halos. At small d
the clouds are within small-x but the HI half-mass radii
are reduced by photoionization, especially for undercon-
centrated halos. We find that for any distance, the cloud
sizes depend mainly on the halo σ. The dependence on
vs is much weaker than indicated by our Equation (21)
because of departures from the small-x limit for small vs,
for which the gas distribution becomes more extended
than a simple Gaussian.
We can apply these calculations to Leo P, with the
reservation that our models do not include large scale
rotation, which seems to be present, though not domi-
nant, in this new member of the Local Group. We adopt
the rough estimate of 1′ from G13 as an approximate
upper limit on the half-flux radius. For a median DM
halo and the total 21 cm flux of 1.3 Jy km s−1, Equation
(29) gives a lower limit on the distance, d & 1 Mpc. Al-
ternatively, for the optical distance estimate of 1.75 Mpc
from R13, we can say that the DM halo hosting Leo P
has σ & −1.6. Modeling Leo P more precisely should in-
corporate the effects of rotation on the gas distribution.
6.2.2. HI Gas Profiles
As shown in Figure 6, the size-distance relations are
insensitive to vs. This behavior may be understood
by considering Figures 7 and 8. In Figure 7 we dis-
play computed HI gas profiles (solid red and black
curves) for two σ=0 halos with vs=20 km s
−1 (rs,20 =
0.53 kpc, nds,20 = 3.11 amu, and M300=5.3×106 M⊙)
and vs=40 km s
−1 (rs,40 = 1.39 kpc, nds,40 = 1.81 amu,
and M300=4.3 × 106 M⊙). We show HI profiles for two
distances, d = 0.5 and 1.9 Mpc (left and right panels), for
which the HI masses are 5.2×104 and 7.6×105 M⊙, for a
21 cm flux of 0.9 Jy km s−1. The upper panels in Figure 7
show the HI gas volume density (cm−3) and the lower
panels show the projected HI column density (cm−2), as
functions of radial offset r (kpc) from the minihalo cen-
ters. The sharp drops in the HI density profiles indicate
the locations of the ionization fronts. The HI gas profile
shapes as determined by the DM halo potential, and the
given (observed) HI masses for each distance uniquely
determine the central gas densities for each model.
The dashed curves in the upper panels of Figure 7 show
the gas-density profiles as given by the general SMW02
expression for hydrostatic distributions in Burkert ha-
los 5 for constant gas velocity dispersion cg, here set to
8.2 km s−1 for fully neutral gas. The red and black
dashed curves are for vs = 20 and 40 km s
−1 respec-
tively. For d = 1.9 Mpc, it is apparent that the neutral
core for vs = 20 km s
−1 extends beyond the small-x limit
(r/rs ≪ 1). For vs = 20 km s−1, the ionization front is
at 0.73 kpc, larger than rs,20 = 0.53 kpc. However, for
vs = 40 km s
−1 the neutral gas cloud is limited to small-x
and the IF is at 0.67 kpc, smaller than rs,40 = 1.39 kpc.
Our numerically computed HI gas distributions (solid
5 For gas in Burkert halos and for all x ≡ r/rs the hydrostatic
gas distribution is fgas(x) =
[
e−(1+1/x)tan
−1x(1 + x)(1+1/x)(1 +
x2)(1/2)(1/x−1)
](3/2(vs/cg)2 (SMW02, Table 5). For x ≪ 1,
fgas(x) approaches the Gaussian form fgas = e
−
1
2
(vs/cg)
2x2
(Equation [20]).
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Fig. 6.— Distance versus projected half-mass radius. Left panels are physical, right panels are angular sizes. Upper panels are for a
(median) UCHVC flux of 0.9 Jy km s−1, for σ=-1, 0 and +1 halos, with vs from 20 to 40 km s−1. The dashed vertical lines show the
range of analytic cloud sizes as given by Equation (21) for each σ. In the lower panels the 21 cm fluxes are 0.6, 0.9 and 1.8 Jy km s−1, and
sizes are shown for σ=0 halos.
curves) match the analytic curves (dashed) out to the
locations of the ionization fronts. At larger radii the HI
gas profiles drop below the dashed curves because of the
reduced neutral fractions.
The analytic gas distribution (footnote 5), and the nu-
merically computed HI gas distribution within the neu-
tral cores, have the remarkable property that fgas(x, vs =
20) is almost identical to fgas(x/2.6, vs = 40) up to
x ≈ 1.5. Here rs,40/rs,20 = 2.6, so that, fgas(r, vs =
20) ≈ fgas(r, vs = 40) up to r ≈ 0.8 kpc, as indeed
shown by the curves. At larger radii the dashed curves
diverge. A radius r = 0.8 kpc is sufficiently large (for
σ=0) to contain the neutral cores for all distances be-
tween 300 kpc and 2 Mpc, and the neutral gas profiles are
therefore essentially independent of vs. As vs is reduced
from 40 to 20 km s−1 the gas becomes more extended
than a simple small-x Gaussian. This compensates for
the reduction in the expected small-x-Gaussian sizes that
are proportional to rs/vs. Thus, for a given distance, the
only way to alter the cloud sizes significantly is to change
the scale radius rs by varying σ rather than by vary-
ing vs. This is illustrated in Figure 8 in which we plot
vs = 20 and 40 km s
−1 profiles for σ=-1 and +1 halos
(for d = 1.9 Mpc). For σ = −1, rs = 0.81 and 2.11 kpc,
nds = 1.35 and 0.79 amu and M300 = 2.77 × 106 and
1.99× 106 M⊙, for vs = 20 and 40 km s−1. For σ = +1,
rs = 0.35 and 0.92 kpc, nds = 7.11 and 4.14 amu and
M300 = 8.92 × 106 and 8.87 × 106 M⊙, for vs = 20 and
40 km s−1. The gas clouds in the overconcentrated halo
are smaller, and in the underconcentrated halos they are
larger, compared to the clouds in median halos. The sizes
are again very weakly dependent on vs. For d = 1.9 Mpc,
r1/2 ≈ 0.44, 0.34, and 0.25 kpc, for σ=-1, 0, and +1.
Figure 7 shows that for our distance range the central
gas densities are high enough for the formation of neutral
cores 6. For lower distances (smaller masses) the central
6 For small-x Gaussian gas distributions the critical central
gas densities for the formation of neutral cores are given by the
emission-measure condition rgasn2−3 = 0.99J
∗
3 where J
∗
3 is the ion-
izing photon intensity in units of 103 photons cm−2 s−1 sr−1 and
rgas in kpc (SMW02 Equation [A4]). For rgas ≡
√
2cgrs/vs ≈
0.2 kpc, with cg=11.6 km s−1 for WIM, and J∗3 = 1.02 for the
metagalactic radiation, neutral cores appear for central gas densi-
ties & 2× 10−3 cm−3.
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Fig. 7.— HI gas density profiles for σ=0 halos with vs=20 and 40 km s−1 (red and black curves) for a UCHVC 21 cm flux of 0.9
Jy km s−1, and gas sound speed cg = 8.2 km s−1. The halo scale radii are rs,20 = 0.53 kpc and rs,40 = 1.39 kpc. The upper panels
show volume density profiles for the HI gas. The lower panels show the projected HI column densities. Left panels are for d = 0.5 Mpc
(MHI = 5.2 × 104 M⊙). Right panels are for d = 1.9 Mpc (MHI = 7.6 × 105 M⊙). Solid curves are the numerically computed profiles
including photoionization. In the upper panels, the dashed curves are analytic hydrostatic gas distributions (footnote 5) for fully neutral
gas. In the lower panels, the vertical lines show the computed half-mass radii of 0.22 and 0.35 kpc for d = 0.5 and 1.9 Mpc.
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gas densities are lower, and the ionization fronts occur
at smaller radii. The half-mass radii are therefore also
reduced. For d = 1.9 to 0.5 Mpc, r1/2 decreases from
0.35 to 0.22 kpc. For higher 21 cm fluxes and cloud
masses the neutral core truncation points occur at larger
radii for any distance, and the cloud sizes are increased
as shown in the lower panels of Figure 6. For any flux,
the size versus distance relation depends mainly on the
halo σ.
These numerical results can be described by simple
power law relations. For varying sigma (upper right hand
panel in Figure 6), we can write
d = 0.91× 10−0.15σ ×
(
θ1/2
1′
)−1.47
Mpc, (28)
and for varying flux for σ=0 subhalos (lower right hand
panel),
d = 0.91×
(
S21
0.9 Jy km s−1
)0.24
×
(
θ1/2
1′
)−1.47
Mpc.
(29)
Both expressions are accurate to within 10% for σ be-
tween -1 and +1, fluxes from 0.6 to 1.8 Jy km s−1, and for
angular half-flux radii between 0.6′ and 2.5′. In these re-
lations we assume that the observational sensitivity limit
is sufficient for an accurate determination of θ1/2, as dis-
cussed above.
Figure 6 and Equations (28) and (29) may be used to
estimate distances to the UCHVCs as minihalos given
the observed 21 cm fluxes and angular sizes. For ex-
ample, Figure 6 shows that a UCHVC embedded in a
median unstripped subhalo, with an HI size θ1/2 = 1’
and 21 cm flux of ∼ 0.9 Jy km s−1, has r1/2 ∼ 0.26 kpc,
and is hence at a distance of ∼ 0.91 Mpc. Assuming un-
derconcentrated halos, with σ=-1, will increase the size
and distance to ∼ 0.37 kpc and ∼ 1.28 Mpc, respec-
tively. Switching to overconcentrated halos, with σ=+1,
will reduce the physical size to ∼ 0.18 kpc and place the
object at ∼ 0.63 Mpc. For comparison, decreasing the
21 cm flux by 30%, to 0.6 Jy km s−1 will reduce the
physical size of a median halo to ∼ 0.23 kpc and place it
at ∼ 0.83 Mpc. Doubling the flux, to 1.8 Jy km s−1,
will change the size and distance to ∼ 0.31 kpc and
∼ 1.08 Mpc, respectively. Alternatively, if the distance
to the UCHVCs is measured by any other method (as
for Leo P), the physical scale of gas distribution can be
used to constrain the DM halo properties in which the
UCHVCs may reside, as we have done for Leo T.
7. SUMMARY & DISCUSSION
In this paper we have presented dark-matter mini-
halo models for the HI gas in the ultra-compact
high-velocity clouds (UCHVCs) detected as part of
the 21 cm ALFALFA survey (Giovanelli et al. 2010;
Adams et al. 2013), and for the resolved HI gas distribu-
tion (Ryan-Weber et al. 2008) in the Local Group dwarf
galaxy Leo T.
Our minihalo cloud models are based on those pre-
sented in Sternberg et al. (2002, SMW02). We consider
thermally supported, hydrostatic, non-rotating, ∼ 104 K
HI clouds, embedded in gravitationally dominant DM
potential wells, with negligible external pressure. The
observable (21 cm) WNM cores are surrounded by WIM
shielding envelopes, also bound to the minihalos. We as-
sume that the WIM is photoionized by the present-day
(z=0) UV/X-ray metagalactic radiation field.
In § 2 we discuss pressure versus gravitational confine-
ment for the UCHVCs as Local Group objects, and show
how the observed HI column densities and angular sizes
may be used to set limits on the ambient hot gas pres-
sures and masses.
In § 3 we assume (observationally-based) “flat-core”
(Burkert 1995) DM density profiles, and adopt the cos-
mological correlation between halo structural parame-
ters appropriate for subhalos within Galaxy-scale par-
ent halos at redshift z = 0, as found in simulations
(Springel et al. 2008; Rocha et al. 2013). In § 4 we
show that typical (σ=0) tidally stripped minihalos al-
ways contain a DM mass of ∼ 0.9 × 107 M⊙ within
the central 300 pc, weakly dependent on subhalo scale-
velocity (or maximal circular velocity), and total halo
mass. Our flat-core minihalos (stripped) thus naturally
reproduce the Strigari mass of M300 ∼ 107 M⊙ found
via optical stellar velocity dispersion measurements in
low-mass Local Group dwarfs (S08). We also show that
the mass-discrepancy between simulated and observed
dwarf-galaxies noted by BK11 for NFW halos is resolved
if the flat-core profile is adopted.
In § 5 we present analytic expressions relating the
gravitationally-confined HI cloud properties to the mini-
halo parameters, including the dependence of the pro-
jected HI half-mass radii on the minihalo σ and scale-
velocity vs (Equation [20]). These expressions are de-
rived in the “small-x limit” where all of the neutral gas
is contained well within the halo scale radius, and can be
used for rough estimation of object sizes and distances.
In § 6 we present numerical model computations for
the gas distributions in Leo T and the UCHVCs without
a priori assumptions on the extents of the clouds, and
including the truncation of the neutral cores by exter-
nal photoionization by metagalactic radiation. We start
with Leo T (§ 6.1) and fit the entire observed HI col-
umn density profile (Figure 4), assuming a WNM tem-
perature of 6000 K as determined from the observed
21 cm line width, and given the total observed HI mass
of 2.8×105 M⊙. We assume the external bounding pres-
sure is negligible compared to the gravitational potential.
The observed HI profile provides an upper limit on the
pressure, above which the outer HIM will penetrate into
the halo and alter the profile shape. For Leo T the limit
is PHIM . 150 cm
−3 K, and this is then a constraint
on the IGM thermal pressure in the Local Group at dis-
tances 420 kpc. For THIM & 2×106 K, comparable to the
virial temperature of the Milky Way, the mass of hot gas
within 420 kpc isMHIM . 3×1011 M⊙. Our models also
predict the presence of CNM in the Leo T core, consistent
with observations. The observed HI profile sets a strong
constraint on σ and M300. The best fitting profiles are
for halos with M300 = 8.0 (±0.2)× 106 M⊙, only weakly
dependent on scale-velocity vs. For unstripped halos this
mass corresponds to σ ≈ +0.75. We recover consistent
M300 and σ if we solve for just the HI half-mass radius
(which for Leo T is 0.17 kpc). In this procedure we again
set the total HI mass and temperature to the observed
values, and adjust the halo parameters to match the ob-
served half-mass radius. Our detailed fits for Leo T show
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that the projected HI half-mass radius may be used reli-
ably to constrain the halo parameters.
The recent discovery that the UCHVC
HI102145.0/Leo P is a dwarf galaxy (Giovanelli et al.
2013; Rhode et al. 2013), in addition to our minihalo fits
for the HI gas profile in Leo T, suggest that at least some
of the UCHVCs discovered in the ALFALFA survey may
in fact be gas rich but optically very faint dwarf galaxies,
also in the Local Group. The orginal SMW02 study
focused on the much larger CHVCs (diameters & 24′).
Modeling the CHVCs as median-stripped-minihalos,
the implied distances are < 200 kpc (as concluded
by SMW02) but it now seems less likely that at such
distances they could retain their gas, as indicated by the
nearby gasless Sloan dwarfs. The UCHVCs are smaller
and hence could be much more distant. Thus they are
more plausible dwarf galaxy candidates.
For the UCHVCs (§ 6.2) we calculate and plot (Figure
6) predicted half-mass HI radii (physical and angular)
for assumed distances between 0.3 and 2 Mpc, for 21 cm
fluxes between 0.6 to 1.8 Jy km s−1, as observed in the
more compact objects in the A13 UCHVC catalog. We
consider unstripped subhalos within σ = ±1 of the cos-
mological median, with scale velocities vs from 20 to 40
km s−1. We find that the cloud sizes depend mainly on
σ and only weakly on vs. For a typical UCHVC with a
21 cm flux equal to 0.9 Jy km s−1 embedded in a me-
dian (σ=0) unstripped subhalo, we predict physical HI
half-mass radii of 0.18 to 0.35 kpc (or angular sizes of
0.6 to 2.1 arcmin) for this distance range. If the angular
half-flux radii of the UCHVCs are measured, our predic-
tions can be used to estimate the (currently unknown)
distances to these objects. Alternatively, if the distances
to the UCHVCs are measured by some other method, fu-
ture high-resolution observations of the HI sizes will be
useful in constraining the halo parameters, as we have
done for Leo T.
The Via Lactea II simulations (Diemand et al. 2007)
indicate that there are ∼ 170 halos with vs between 15
and 50 km s−1 at distances between 300 kpc and 1 Mpc
from a MW-sized galaxy. This suggests that if only
a fraction (10-20%) of the UCHVCs are indeed dwarf
galaxies, and assuming that the ALFALFA survey-area
is representative of the rest of the sky, these objects could
resolve the missing satellite problem for this mass range.
To summarize our conclusions and predictions: First,
we predict that searches for stars in the most com-
pact UCHVCs in the A13 catalog and in other sur-
veys will show that some of these objects are optically
faint, gas-rich dwarf galaxies. Second, high-resolution
(sub-arcmin) HI mapping observations of such gas-rich
UCHVC/dwarfs will show that they obey the size-versus-
distance relations as given by our Equations (28) and
(29). For a Local Group distance of 1 Mpc, our pre-
dicted characteristic projected HI half-mass radius is 1′
for ∼ 104 K WNM in a median unstripped subhalo obey-
ing the rmax versus vmax relations found in simulations.
Third, based on our analysis of the resolved HI gas dis-
tribution in Leo T we conclude that at a distance of
∼ 400 kpc from the Galaxy the thermal pressure of any
ambient hot coronal or IGM gas is less than 150 cm−3 K,
implying a hot gas mass of less than 3× 1011 M⊙ within
this radius. Fourth, we predict that at distances beyond
the virial radii (unstripped) dwarf galaxies around the
Milky Way and Andromeda will have characteristic in-
ner massesM300 of ∼ 5×106 M⊙ (but with scatter), and
lower by a factor ∼ 2 compared to the nearby (stripped)
Sloan dwarfs. Fifth, we predict that as ever lower-
luminosity dwarf galaxies are observed within the virial
radius, M300 will remain invariant, since in our picture
the characteristic mass does not reflect a star-formation
threshold, but rather the independence of M300 on sub-
halo mass for flat-core DM profiles, from scale velocities
of 50 km s−1 down to ∼ 15 km s−1.
We have focused on flat-cored subhalos in this paper
because (a) they are observed in at least some low-mass
galaxies, (b) they naturally give rise to the observed com-
mon mass scale, and (c) because flat-cores resolve the
mass-discrepancy problem found in DM-only simulations
of Local Group structure growth. Zolotov et al. (2012)
show that stellar feedback processes combined with tidal
stripping can flatten cores with initially diverging NFW
density distributions. Alternatively, Rocha et al. (2013)
and Zavala et al. (2013) suggest that self-interacting-
dark-matter (SIDM) may also produce flat-core DM pro-
files on small scales but leave the halos unaffected on
larger scales. We suggest that optically-faint but gas-
rich dwarf galaxies - perhaps UCHVCs as dwarf galax-
ies - may be the best objects to study to distinguish
between these theoretical options, since feedback effects
in these almost starless systems are expected to be of
minor importance to the evolution of their DM halos
(see Pen˜arrubia et al. 2012). Hence, existence of flat DM
cores in UCHVCs (or in Leo T and Leo P), if proved, may
be intrinsic and evidence for SIDM. Sensitive high reso-
lution 21 cm observations of the most compact UCHVCs,
as well as searches for stars and stellar features in these
objects, would be worthwhile.
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